Low loss core-shell iron-silica nanocomposites with improved magneto-dielectric properties at radio frequencies (1 MHz-1 GHz) were successfully fabricated. A new simple method was developed to synthesize metallic iron (Fe) nanoparticles with uniform size distribution in an aqueous environment at room temperature. Citric acid and oleic acid served as surface-capping agents to control the particle size of the synthesized Fe nanoparticles. Smaller Fe nanoparticles with narrower particle size distribution were obtained as the concentration ratio of iron ions to carboxylic acid groups decreased. The Fe nanoparticles were subsequently coated with silica (SiO 2 ) layers to prevent the iron cores oxidizing. Polymer composites were prepared by incorporating Fe@SiO 2 nanoparticles with polydimethylsiloxane (PDMS) elastomers. Experimental results showed that the dielectric permittivity (ε) and magnetic permeability (μ) of the polymer composite increased with increasing amount of Fe@SiO 2 nanoparticle doping. The dielectric loss (tan δ) was near 0.020 at a frequency of 1 GHz.
Introduction
Materials having high values of magnetic permeability (μ) and dielectric permittivity (ε) are promising for advanced applications in microwave communication devices and their miniaturization. Polymer-based composites are preferred because of their light weight, shape-flexibility and better processability. However, ferrimagnetic resonance restricts the use of conventional ferrite-polymer composites to frequencies much lower than 1 GHz since there is no appreciable magnetic permeability (μ) beyond the resonance frequency ( f res ). For example, MnZn and NiZn ferrites are only suitable for use up to 2 MHz and 200 MHz, respectively [1] . Furthermore, the Snoek limit predicts that the product of μ and f res is limited by the saturation magnetization (M s ) [2, 3] . Therefore, high μ at high operational frequency cannot be expected from ferrites due to their intrinsically low saturation magnetization (M s ). Ferromagnetic iron (Fe) is an ideal candidate for high μ composites due to its high magnetic permeability and saturation magnetization at room temperature (218 emu g −1 ) [4] . However, the eddy current arising from its high electrical conductivity causes energy loss at microwave frequencies. The adverse effect of eddy current could be suppressed by utilizing iron particles with a size below the socalled 'skin depth', which is typically near 1 μm at microwave frequencies [5, 6] .
Fe nanoparticles (less than 1 μm) with uniform particle size distribution are only accessible by high temperature thermolysis in oil-based reaction systems [7] [8] [9] [10] . However, these reactions are considered as hazardous processes because of the involvement of non-stable and toxic reagents, the potential for explosion, and the high energy consumption. In addition, the synthesized Fe nanoparticles immediately oxidize upon exposure to air if there is no protection on the Fe particle surface. We report a simple synthesis method in which the reaction is conducted in aqueous environments and at room temperature, resulting in Fe nanoparticles with a uniform size distribution. The Fe particle size is controllable using surface-capping agents (oleic acid and citric acid). The Fe nanoparticles are subsequently coated with silica (SiO 2 ) layers to prevent oxidation of the iron cores [11, 12] . A novel polymer composite with high permeability (μ) and low energy loss was prepared using such core-shell Fe@SiO 2 nanoparticles in polydimethylsiloxane (PDMS) matrices. The SiO 2 shells provide electrically insulting layers which decrease energy loss (tan δ) and additionally prevent the possibility of μ decrease due to Fe oxidation. Furthermore, the SiO 2 layers also improve the compatibility of core-shell Fe@SiO 2 particles with PDMS polymer matrices due to the similar nature of chemical bonds (Si-O-Si) [13] . The morphology of the magnetic nanocomposites was characterized by transmission electron microscopy (TEM). The magneto-dielectric properties of the polymer particle composites in the mega-to gigafrequency range were evaluated using an impedance analyzer.
Experimental section

Materials
Iron chloride (FeCl 3 , 97%), oleic acid (90%), tetraethyl orthosilicate (TEOS; 99.99%), (3-aminopropyl)trimethoxysilane (APS; 97%) palladium(II) chloride (PdCl 2 , 99%), sodium borohydride (NaBH 4 ; 98%), and citric acid monohydrate (98%) were purchased from Sigma-Aldrich. Deionized water was obtained using a Milli-Q water purification system (Millipore, Billerica, MA, USA). The liquid components (Sylgard 184) of PDMS were supplied by Dow Corning Corporation. All chemicals were used as-received.
Iron (Fe) nanoparticle synthesis
Fe nanoparticles were synthesized at room temperature from FeCl 3 using NaBH 4 as a reducing agent and PdCl 2 which serves as a nucleating agent. The concentration ratio (R +/− ) of iron ions (Fe 3+ ) to oleic acid (OA) and citric acid monohydrate (CA) was systematically varied and its effect on the resulting nanoparticle size was studied. The concentration ratio (R +/− ) is defined as the ratio of total positive (Fe 3+ ) to negative charges (CA and OA) which can be present in solution. The
. In a typical nanoparticle synthesis procedure (R +/− = 0.86), 0.16 mmol FeCl 3 , 0.16 mmol CA, 0.08 mmol OA and 0.1 ml PdCl 2 solution (0.01 M) were dissolved in a mixed solvent (150 ml water and 40 ml ethanol). After purging with a gas mixture [95% argon (Ar) and 5% hydrogen (H 2 )] for 30 min, 0.06 g NaBH 4 of 10 ml water solution was added in one shot. The mixture immediately became black, indicating the formation of Fe nanoparticles.
Silica (SiO 2 ) shell formation on iron (Fe) nanoparticle cores
Following Fe nanoparticle formation, the solution was kept stirred for 20 min to ensure the completion of the redox reaction. 14 μl APS and 169 μl TEOS were added into the solution to coat the Fe nanoparticles with SiO 2 layers [14] . The reaction was allowed to proceed for 3 h with Ar/H 2 gas purging before magnetically collecting the core-shell nanoparticles. The nanoparticles were washed with ethanol to remove any residue.
Preparation of Fe@SiO 2 nanocomposites
The Fe@SiO 2 /polymer nanocomposites were prepared by incorporating Fe@SiO 2 core-shell nanoparticles into PDMS elastomers. In a typical formulation, 1 g of liquid components of PDMS elastomers was mixed with the desired amount of Fe@SiO 2 core-shell nanoparticles (0.54 g for a 35 wt% composite) to obtain a homogeneous solution. The solution was subsequently poured into a mold and cured at 70
• C overnight, resulting in a flexible polymer nanoparticle composite.
Characterization
TEM (JEOL 200CX) was used to observe the morphology of the nanoparticles. The particle size is reported as the average observed size (D avg ), which is the average particle size of approximately 1000 individual particles from multiple TEM images. Magnetic properties were investigated using a vibrating sample magnetometer (VSM; Lakeshore 7400 series). The powder x-ray diffraction measurements (XRD) of the samples were obtained on a Bruker C2 Discover and D8 Advance systems using Cu Kα (λ = 0.154 nm) radiation. The crystallite size (D XRD ) of the synthesized nanoparticles was measured using the Scherrer formula [15] :
where λ is the x-ray wavelength, the width B is measured at an intensity equal to half the maximum intensity, and θ is the Bragg angle. X-ray photoelectron spectroscopy (XPS, Kratos AXIS 165) was used to investigate the oxidation state of iron. The charge-shifted spectra were corrected assuming that the adventitious C 1s peak detected was at 284.600 eV. Energy dispersive x-ray spectroscopy (EDS) equipped within the TEM was used to determined the chemical composition of the synthesized nanoparticles. The magneto-dielectric properties (relative dielectric permittivity, ε r , and relative magnetic permeability, μ r ) in the 1 MHz-1 GHz range were measured using an Agilent RF impedance/material analyzer (E4991A). Samples for ε r measurement were prepared in the shape of a solid disc with a diameter of 0.75 in and a thickness of 0.1 in. Samples for μ r measurement were in the geometry of a washer with an outer diameter of 0.75 in, an empty inner diameter of 0.25 in, and a thickness of 0.1 in. Multiple measurements (five times) were obtained and their standard deviations were calculated. 
Results and discussion
Fe nanoparticle synthesis (assisted by citric acid)
Citric acid (CA) has been traditionally utilized as a surface-capping agent to control the formation of metallic nanoparticles such as cobalt [14] , gold [16] , palladium [17] , and silver [18] . In our Fe nanoparticle synthesis we also utilize PdCl 2 , which serves as a nucleating agent, along with CA to control Fe nanoparticle formation. After reduction by a reducing agent (NaBH 4 ), Pd 2+ ions became metallic Pd seeds for heterogeneous nucleation and growth of Fe nanoparticles [19] .
Figure 1(a) shows that the Fe particle size ranges from 200 to 20 nm as the concentration ratios (R +/− ) of Fe 3+ to CA remained at 10. This result indicated that the amount of CA cannot control Fe nanoparticle formation when there are more Fe 3+ than CA present in the solution. A larger number of particles with narrow size distribution (11-15 nm) combined with few irregular large particles was obtained when increasing the amount of CA (R +/− = 1), as shown in figure 1(b) . When the amount of CA was increased and R +/− became 0.7, uniform Fe nanoparticles with an average size of 11 nm were successfully synthesized ( figure 1(c) ). These results suggest that a greater amount of CA (or lower R +/− ) leads to smaller particles with more uniform size distribution, which is consistent with other reports [14, 17, 18] . The carboxylic acid groups (COO − ) of CA can effectively associate with Fe 3+ to control the concentration of free Fe 3+ ions in solution. Therefore it is easier to control Fe nanoparticle formation when there are more COO − than Fe 3+ ions present in solution (R +/− < 1). However, CA is a strong chelating agent for iron, meaning that it has the ability to dissolve Fe particles into ironcitrate-complexes [20] . Our results shows that the synthesized Fe nanoparticles re-dissolved into solution within 30 min of particle formation for values of R +/− below 1. Therefore, it is not feasible to use CA alone to obtain Fe nanoparticles with a uniform size distribution.
Fe nanoparticle synthesis (assisted by oleic acid)
OA surfactant is a well-known surface-capping agent for its ability to control nanoparticle formation. There have been numerous literature reports on obtaining magnetic nanoparticles with uniform particle size distribution with the assistance of OA in synthetic processes [21] . In our Fe to OA was equal to 1 (figure 2). Furthermore, increasing the amount of OA (or COOH) did not result in good control of Fe nanoparticle formation. Instead, no Fe nanoparticles formed for R +/− of 0.75 and 0.85. This result indicated that OA was also not an effective way to control nanoparticle formation.
Fe nanoparticle synthesis (assisted by CA and OA)
Both CA and OA were used to control Fe nanoparticle formation to avoid re-dissolution due to excess CA. The concentration ratio of CA to OA used in the synthesis was kept at 2. Figure 3(a) shows that Fe nanoparticles with an observed average size D avg of 16.6 ± 4.5 nm could be successfully synthesized at R +/− = 1.7. However, the poor particle size distribution (±4.5 nm) of these larger particles suggests that the particle formation was not controlled. For this reason, the concentration of carboxylic acid [COO − ] groups was increased (decreasing R +/− ) to narrow the particle distribution. The results show that Fe nanoparticles with uniform particle distribution could be obtained with decreasing R +/− (figure 3). For example, the resulting D avg was 12.9 ± 1.6 nm and 9.4 ± 1.0 as R +/− decreased from 0.86 to 0.5, respectively. The narrow size distribution contributes to optimum COO − group concentration and Pd seeding. The COO − groups can effectively associate with Fe 3+ to prevent the free Fe 3+ ions in solution from nucleating and also to slowly release Fe 3+ ions to Pd seed surfaces to grow, thus leading to uniform Fe nanoparticles. In summary, Fe nanoparticle formation could be controlled when using both CA and OA together as surface- 2500 cm −1 is attributed to the O-H stretch of the COO − groups from the surface-capping agents. Two sharp bands at 2919 and 2850 cm −1 are attributed to the asymmetric CH 2 stretch and the symmetric CH 2 stretch from OA, respectively. The broad peak near 1200 cm −1 is due to CO stretching or OH deformation from the surface-capping agents. The bands at 1532 cm −1 are characteristic of COO − stretch, which confirm that OA was chemisorbed as a carboxylate onto the nanoparticle surface, consistent with what has been reported in literature [22] .
High-resolution XPS was utilized to determine the oxidation state of the nanoparticles, and is shown in figure 6 . The binding energy of Fe 2p 3/2 (706.7 eV) confirms that the synthesized nanoparticles were metallic Fe 0 [23] . In addition, the binding energy at 710.3 eV indicated the formation of iron oxides (FeO x , x = 1-1.5) due to exposure to air. EDS revealed the chemical composition of synthesized nanoparticles, as shown in figure 7 . No contaminating elements from reagents, such as boron, sodium, or chlorine, except palladium, were detected (note: the copper and carbon signals were from the TEM grid used in the EDS measurement). The palladium was from the catalyst (PdCl 2 ) used to promote the redox reaction. The ratios of [Pd 2+ ] to [Fe 3+ ] in the synthesis were varied between 0.01 to 0.003 at the values of R +/− varied between 0.5 and 1.7. EDS data revealed that the nanoparticles synthesized for all R +/− values comprised Fe (>99%) and Pd (<1%). In summary, the nanoparticles synthesized in this study are metallic Fe 0 (>99%) coated with both CA and OA.
Iron (Fe)@silica (SiO 2 ) core-shell nanoparticles
The synthesized Fe nanoparticles were coated with silica (SiO 2 ) via a sol-gel reaction [14] . For application in microwave communication devices, the SiO 2 shells provide electrical insulting layers which decrease energy loss (tan δ) and additionally prevent the possibility of μ decrease due to Fe oxidation. Figure 8 shows that the 12.9 ± 1.6 nm Fe nanoparticles (R +/− = 0.86) were successfully coated with The chain-like assemblies of Fe nanoparticles were due to strong magnetic dipole-dipole interaction between individual Fe nanoparticles which were subsequently fixed by the SiO 2 layers during the hydrolysis reaction. This phenomenon of chain-like nanoparticle formation has also been reported in cobalt and nickel systems [24, 25] . However, the Fe core in the synthesized Fe@SiO 2 nanoparticles gradually oxidized and formed a thin layer of FeO x , as shown in figure 9(a) . The Fe oxidation indicated that the SiO 2 protection layers were not dense enough to prevent oxygen from permeating the SiO 2 layers and oxidizing the Fe cores. In addition, there is no distinct diffraction pattern from the synthesized nanoparticles of figure 9(b) , indicating the amorphous nature of the Fe@SiO 2 nanoparticles. The synthesized Fe@SiO 2 nanoparticles were hence heat-treated at 400
• C under an Ar/H 2 atmosphere for 1 h to improve their crystalline structure and to densify the SiO 2 layers [26] . Figure 10 (a) shows that the Fe nanoparticles began to sinter together after heat-treatment. The structural information was obtained from both TEM selected area electron diffraction (SAED) and wide angle XRD. Figure 10 [27] . Figure 11 shows the XRD patterns of heat-treated Fe@SiO 2 nanoparticles. The positions of all diffraction rings/peaks are consistent with standard α-Fe powder diffraction data reported in literature [27] and no other iron oxides (FeO x ) could be identified. Furthermore, no obvious iron oxide layers FeO x were observed after 6 months, indicating the SiO 2 already functioned as a protection layer to prevent Fe cores from oxidation. In addition to the crystalline structure, the crystallite size of synthesized Fe nanoparticles could be obtained from their XRD peaks using Scherrer's formula. The calculated average crystallite size (D XRD ) is 10 nm, which is close to the size observed (12.9 ± 1.6 nm) by TEM, indicating that the synthesized Fe nanoparticles did not coalesce into larger crystallites after heat-treatment. Figure 12 shows the room temperature magnetization as a function of applied magnetic field for 12.9 ± 1.6 nm Fe@SiO 2 nanoparticles (R +/− = 0.86). For the particles without heat-treatment, there is hysteresis present with a coercivity (H c ) of 800 Oe and a saturation magnetization (M s ) of 52 emu g −1 , which is consistent with ferromagnetic behavior. It has been reported in literature that the Fe critical size (D SP ) for superparamagnetic to ferromagnetic transition is close to 10 nm [4] . Therefore, the 12.9 ± 1.6 nm Fe@SiO 2 nanoparticles should be ferromagnetic [4] . Moreover, the heattreated Fe@SiO 2 nanoparticles show ferromagnetic behavior with higher values of H c (1200 Oe) and M s (100 emu g −1 ) compared to particles without heat-treatment. This indicated that the heat-treatment improved the purity (due to removal of FeO x , surface-capping agents, etc) and the crystalline structure of Fe cores in the Fe@SiO 2 nanoparticles, leading to improved magnetic properties: higher values of H c and M s for Fe@SiO 2 particles.
Magnetic properties of Fe@SiO 2 nanoparticles
Magneto-dielectric properties of the Fe@SiO 2 /polymer composites
The size of the synthesized Fe@SiO 2 particle is crucial for obtaining Fe@SiO 2 /PDMS composites with improved magneto-dielectric properties (magnetic permeability, μ, and dielectric permittivity, ε). It has been reported in the literature that polymer nanocomposites with single domain ferromagnetic nanoparticles could have optimal magnetic permeability (μ) [28, 29] . For the particles with magnetic multi-domains, the magnetic permeability of the polymer composite is low due to particle magnetic domain wall movement. More domain wall movement results in a lower ability to respond to the applied magnetic alternating field, thus leading to lower magnetization and magnetic permeability. For magnetic nanoparticles in the superparamagnetic state, the anisotropy energy sustaining the particle's magnetization becomes comparable to the thermal energy from the magnetic nanoparticles' surroundings.
Therefore, thermal energy effects cause significant fluctuations in nanoparticle magnetic moments and reduces their resultant magnetization and permeability. For iron particles the optimum size range to obtain high μ is between 10 and 17 nm, where single domain ferromagnetic particles without any domain walls are present [30] . For this reason, 12.9 ± 1.6 nm Fe@SiO 2 nanoparticles (R +/− = 0.86) were chosen to prepare polymer composites. The Fe@SiO 2 /polymer nanocomposites were prepared by incorporating Fe@SiO 2 core-shell nanoparticles with PDMS elastomers. The resulting dielectric permittivity (ε) and magnetic permeability (μ) of the polymer nanocomposites are shown in figure 13 . The dielectric permittivity of the PDMS matrix (ε = 3.1) improved from 3.1 to 4.3 at 1 GHz with 35% Fe@SiO 2 nanoparticle doping. The magnetic permeability of the PDSM matrix (μ = 1) also improved from 1.0 to 1.2 at 1 GHz with doping with 35% Fe@SiO 2 nanoparticles. The dielectric loss tan δ was less than 0.020 at the 1 GHz frequency range, as shown in figure 14 . The dielectric response of the nanoparticle composites at applied alternating field is described in terms of the complex permittivity (ε * ) which is represented by its real and imaginary parts.
where ε is the dielectric permittivity (denoted as ε in this paper) and ε is the dielectric loss. The dielectric loss tangent (tan δ) is defined as
The dielectric loss tangent (tan δ) value of 0.02 of the resulting Fe@SiO 2 /polymer nanocomposites means that only 2% of charges induced by the external field were dissipated. This results indicates that the SiO 2 protection layers and PDMS matrices are effective ways to isolate the iron nanoparticles and prevent them from conducting charges, thus leading to polymer composites with low dielectric loss (tan δ).
Conclusions
We have demonstrated the feasibility of preparing low loss, Fe@SiO 2 nanoparticle polymer composites with improved magneto-dielectric properties at radio frequencies (1 MHz-1 GHz). We have developed a simple method to obtain iron nanoparticles with uniform size distribution by utilizing citric acid and oleic acid as surface-capping agents. The particle size was tailored by tuning the concentration ratio of iron ions to carboxylic acid groups. The Fe nanoparticles were successfully coated by a layer of silica (SiO 2 ) to prevent Fe cores from oxidizing. The dielectric permittivity and magnetic permeability of the resulting Fe@SiO 2 /polymer composites increased with higher weight percentage of Fe@SiO 2 nanoparticles. The low dielectric loss of the composites is attributed to the ability of SiO 2 layers and polydimethylsiloxane matrix to hinder the conductive nature of metallic iron.
